Ruthenium(Ru)-doped TiO 2 nanofibers were prepared using electrospun Ru-TiO 2 /poly(vinyl acetate) (PVAc) fibers and subsequent annealing for 1 h at temperatures in the range of 500 C to 1000 C in air. The properties of the Ru-TiO 2 fibers were characterized as a function of the Ru content and calcination temperature using X-ray diffraction, thermal gravimetry with differential scanning calorimetry, Fourier transform infrared spectroscopy, scanning electron microscopy, transmission electron microscopy, and viscometer, pycnometer and dynamic tensiometer measurements. Although the diameter of the fiber decreased slightly with increasing calcination temperature, no dramatic changes were observed with respect to the ruthenium content. The XRD and FT-IR results revealed that anatase phase and ruthenium metal began to be formed after calcination at temperatures above 500 C. Anatase and rutile phases and ruthenium metal coexisted in the fibers calcined above 600 C. No anatase phase was detected in the fibers containing ruthenium when they were calcined at 1000 C. The morphology of the fibers changed from smooth and uniform to porous with increasing temperature. The experimental results suggest that the calcination temperature and Ru content were influential in determining the morphology and structure of the fibers.
INTRODUCTION
The potential applications of titanium dioxide(TiO 2 ) have been investigated extensively, such as its use in electronics, optoelectronics, catalysis, biological and environmental systems, as well as solar cells, because of its magnetic, electronic, and catalytic properties, large specific surface area, and high thermal stability [1] [2] [3] [4] [5] . Titania doped with efficient electron donor materials(n-TiO 2 ) attracted immediate attention due to the light harvesting capability of donor-acceptor systems [5, 6] . p-n type solar cells with TiO 2 based materials have the benefits of the selective utilization of solar energy, because the ultraviolet and visible light can be absorbed by the n-type and p-type TiO 2 , respectively. n-type TiO 2 can be obtained by doping it with ruthenium(Ru) [6] . It can be used in solar cells and sensors applications.
Fibrous Ru-doped titanium dioxide(Ru-TiO 2 ) has also been used as a high performance hydrophone and ultrasonic transducer, due to its fine-scale structure and thermal stability [1] [2] [3] [5] [6] [7] . Nowadays, the fabrication of nanofibers is emerging as an important issue to realize active materials applications [5, 6, 8, 9] . Many natural materials are known to be highly integrated hybrid systems compromising different properties or functions [8] . Wang and Santiago-Aviles [10] reported that oriented polymerceramic hybrid fibers had the potential to be used as high voltage and power capacitors, because of their synergic combination of high dielectric constant ceramics and high dielectric strength polymers.
Electrospinning(ES) is a method of producing fibers by accelerating a jet of charged polymer solution in an electric field [1, 5, 6, 11, 12] . A high-voltage power supply is used to generate an electric field between a syringe with a capillary tip and a grounded collector. The electrostatic charging of the fluid at the tip of the nozzle results in the formation of the well-known Taylor cone, from the apex of which a single fluid jet is ejected. The fibers are collected on the surface of a drum collector as an interconnected film of nanofibers. It is noted that the geometry of the fiber allows it to be used as a building block in the bottom-up assembly in nano-electronics and photonics [12, 13] . In addition, it may lower the sintering temperature of the fibers, thereby reducing the energy consumption. In the present study, Ru-TiO 2 was synthesized by the electrospinning of a sol-gel and subsequent calcination for 1 h in the temperature range of 600 C to 1000 C in air. The properties of the Ru-TiO 2 were investigated to evaluate the effect of the calcination temperature and ruthenium content on the morphology and crystal structure of the Ru-TiO 2 fibers using X-ray diffraction(XRD), scanning electron microscopy(SEM), transmission electron microscopy(TEM), and Fourier transform infrared spectroscopy(FT-IR).
EXPERIMENTAL
The precursor solution was prepared from titanium(IV) isopropoxide(Ti[OCH(CH 3 ) 2 ] 4 , Junsei). The experimen-tal procedure is described elsewhere [6] . Titanium(IV) isopropoxide(2.84 g) in 2.40 g of acetic acid was prepared on a clean bench and stirred for 3 h. Poly(vinyl acetate) (PVAc, 5.4 g, Mw=500,000, Aldrich) in 34.6 g of a solution mixture of dimethylformamide(C 3 H 7 NO, DMF, Fisher Scientific) and tetrahydrofuran(C 4 H 8 O, THF, Junsei) at a weight ratio of 6:4 were mixed at 60 C until the lumps of the mixture powder were broken up and well dispersed. PVAc solution(15.72 g) dissolved in DMF/THF was added to the titanium precursor solution(10.48 g). Then, ruthenium(III) chloride hydrate(RuCl 3 3H 2 O, Sigma-Aldrich) (0.076 g, 0.095 g, and 0.114 g) was added to 10 g of the TiO 2 /PVAc solution to obtain Ru-TiO 2 .
The electrospinning apparatus consisted of a syringe pump(KDS-200, Stoelting Co., USA), a 22-gage BD metal needle, a grounded collector, and a high-voltage supply (ES30P-5W, Gamma High Voltage Research Inc., USA) equipped with current and voltage digital meters. The solution was placed in a 5 mL BD luer-lok syringe attached to a syringe pump and fed into the metal needle at a flow rate of 0.5 mL/h. The grounded collector was a stainless mandrel placed 17 cm from the tip of the needle. The drum enveloped with a piece of aluminum foil was rotated at 300 rpm to collect the Ru-TiO 2 nanofibrous film at a DC voltage of 15 kV. The as-spun nanofibers were dried in air for 5 h to allow for their hydrolysis. Subsequent annealing was performed for 1 h at temperatures in the range from 600 C to 1,000 C in air after heating the sample to the given temperature with a heating rate of 1 C/min. The Ru-TiO 2 nanofibers were characterized by examining their viscosity, surface tension, and morphology [10, 11] . The kinematic viscosity, surface tension, and density of the precursor solution were determined using a Cannon-Fenske viscometer, a dynamic tensiometer(Nima, DST9005, USA) and a pycnometer, respectively. The dynamic viscosity was calculated from the kinematic viscosity and the density data [14, 15] . The diameter and morphology of the nanofibers were evaluated using SEM (Hitachi S-3000H, Japan) and TEM(JEM-2000EX, Jeol, Japan). All specimens were coated with Au/Pd to improve their conductivity. For the SEM observation, the Ru-TiO 2 nanofibers were prepared by placing silicon wafers on an aluminum foil during electrospinning. The crystalline phase of the nanofibers was analyzed using XRD(Mac Science, KFX-987228-SE, Japan). The FT-IR(Shimazu Prestage 21, Japan) spectra of the Ru-TiO 2 films were examined.
RESULTS AND DISCUSSION
The rheological properties of the Ru-doped TiO 2 solutions are shown as a function of the RuCl 3 3H 2 O content in Fig. 1 . The dynamic viscosity of the precursor solution increased from 130 cP to 245 cP with increasing Ru content, while the surface tension(~27 mN/m) remained constant, regardless of the amount of RuCl 3 3H 2 O added. The value of the surface tension is approximately one third that of water(72 mN/m at 25 C).
The lower values of the surface tension than that of water may lead to the formation of fibers instead of polymer droplets [8] [9] [10] 16] . The thermal decomposition behavior of the as-spun Ru-TiO 2 /PVAc fiber is shown in Fig. 2 . An endothermic peak at 106 C was observed probably due to the evaporation of water. The exothermic peak at 370 C may be attributed to the crystallization of the anatase phase [17] . The weight loss in the TG curve occurred until 450 C, implying that most of the organic groups from the organometallic precursor vanished at this temperature.
The morphologies of the fibers were examined as a function of the calcination temperature using SEM, as shown in Figs. 3 to 6. Continuous and smooth fibers were observed, however, their diameter decreased slightly with increasing calcination temperature, regardless of the amount of ruthenium added, as depicted in Fig. 7 . No dramatic change in the fiber diameter was observed for the fibers with respect to the ruthenium content. Similar phenomena(420~460 nm) were observed for the fibers calcined at 600 C (Fig. 4) . Some of the fibers were broken, probably due to the decomposition of PVAc as a result of calcination, as depicted in Figs. 5 and 6. Nevertheless, the morphology of the fibers was maintained if they were calcined at 800 C. After calcination at 1000 C(Figs. 6 and 8), the morphology of the fibers changed dramatically from smooth and uniform fibers to a linked-particle tubular form(particulate morphology). The porous fibers became disconnected when they were annealed at 1000 C. This is particularly important, because the fiber morphology is attributed to the calcination temperature [10, 11, 14, 15] . The XRD results of the Ru-TiO 2 fibers calcined at different temperatures are shown in Fig. 9 . A, R, and Ru in the XRD peaks represent the anataseand rutile phases of TiO 2 and ruthenium metal, respectively. After calcination at 600 C, only the peaks for the anatase phase at 2 values of 25 , 36.9 , 37.8 , 38.6 , 48 , 53.8 , 55 , and 62.7 in the XRD patterns(JCPDS-21-1272) were observed for the TiO 2 nanofibers containing no ruthenium ( Fig. 9(a) ). However, peaks for the rutile phase in addition to that for ruthenium at a 2 value of 44 in the XRD patterns(JCPDS-06-0663) began to occur with the addition of ruthenium, as depicted in Fig. 9(a) . In addition, the relative intensity of the rutile(110) peak at a 2 value of 27 (JCPDS-21-1276) with respect to that of the anatase (101) peak at a 2 value of ~25 increased with increasing ruthenium content, as shown in Fig. 9 . The Rudoped TiO 2 was enhanced by the incorporation of the Ru particles inside the TiO 2 matrix, which showed an accelerated anatase-rutile(A R) phase transformation compared to that of TiO 2 . In addition, the A R phase transformation of TiO 2 was also enhanced dramatically when the calcination temperature was increased to 1000 C, which is consistent with the results reported elsewhere [6] . The dominant phase of rutile TiO 2 with a very weak anatase peak at a 2 value of 25 was observed for the TiO 2 fibers calcined at 1000 C, as shown in Fig. 9(c) . For the fibers containing ruthenium, no anatase phase of TiO 2 was detected. The anatase phase is in fact a metastable polymorph of TiO 2 with respect to the rutile phase [18, 19] . On the other hand, the A R transformation is initiated by the formation of rutile nuclei along the anatase phase boundary[1 1 2] at around 38 , because the anatase phase has structural similarity to rutile. Therefore, the rutile structure develops directly at the expense of the anatase crystallite [20] . Therefore, it is conceivable that the higher calcination temperature and ruthenium content may be responsible for the A R phase transformation of TiO 2 . The peaks of TiO 2 became sharper with increasing calcination temperature, which is indicative of a larger grain size and higher crystallinity, as listed in Table 1 . The crystallite size of TiO 2 determined by the Scherrer equation increased from 26 nm(anatase) to 58 nm(rutile) with increasing temperature from 600 C to 1000 C. Although the anatase transforms irreversibly to the stable rutile phase at elevated temperature, the A R transformation is not preferred, since the anatase phase has noticeably higher catalytic activity than the rutile phase. It is noted that the use of a lower calcination temperature may be helpful, because the anatase phase having a smooth fiber morphology can be obtained. The FT-IR studies of the Ru-TiO 2 fibers containing 0.075 g of ruthenium, as displayed in Fig. 10 , revealed that the absorption peaks of organic groups in the region of 1000 cm -1 to ~ 2000 cm -1 , corresponding to the stretching and bending vibrations of PVAc, were dramatically attenuated after calcination [6] . After calcination at 500 C, peaks at around ~ 470 cm -1 were observed, due to the skeletal O-Ti-O bonds of anatase phase [6, 21, 22] . The peak at 690 cm -1 is due to the rutile phase [22] . The shift of the main anatase phase band from 470 cm -1 to 690 cm -1 could be related to the A R phase transformation. The transformation was enhanced with increasing calcination temperature, as confirmed by the XRD results in Fig. 9 [6, 21, 22 ].
CONCLUSIONS
The electrospinning of a sol-gel and subsequent calcination at temperatures in the range of 500 C to 1000 C were performed to synthesize Ru-doped TiO 2 fibers. The morphology and crystal structure of the calcined Ru-TiO 2 nanofibers were characterized as a function of the calcination temperature and ruthenium content with the aid of TG/DSC, XRD, FT-IR, SEM, and TEM. Although the diameter of the fiber decreased slightly with increasing calcination temperature, no dramatic change in the fiber diameter was observed for the fibers with respect to the ruthenium content. The XRD and FT-IR results revealed that anatase phase and ruthenium metal began to be formed after calcination at temperatures above 500 C. Anatase Fig. 10 . FT-IR spectra of the Ru-TiO 2 nanofibers containing ruthenium of 0.075 g. Note that the fibers were calcined for 1 h at different temperatures. and rutile phases and ruthenium metal coexisted for the fibers calcined at temperatures above 600 C. No anatase phase was detected for the fibers containing ruthenium when they were calcined at 1000 C. The morphology of the fibers changed from a smooth and uniform fiber to a porous fiber with increasing temperature. It is clear that the morphology and the crystal structure of the TiO 2 fibers are dependent on the calcination temperature and ruthenium content.
